The WAF1, Cyclin G and muscle creatine kinase (MCK) genes, all contain multiple copies of the consensus p53-binding element within their regulatory regions. We examined the role of these elements in transactivation of the muscle creatine kinase (MCK) gene by p53. The MCK promoter possesses distal (73182 to 73133) and proximal (7177 to 781) p53-binding elements within which residues 73182 to 73151 (distal) and 7176 to 7149 (proximal) show homology to the consensus p53-binding site. Using promoter deletion studies, we ®nd that both proximal and distal elements are required for high level, synergistic transcriptional activation in vivo. Electron microscopy indicates that p53-p53 interactions link proximal and distal p53-binding elements and cause looping out of intervening DNA, suggesting that this DNA sequence may be dispensable for synergy. This idea was con®rmed by progressive deletion of the DNA between p53-binding elements. Synergism persisted with spacing reduced to only 150 bp. Tetramerization-de®-cient p53 mutants were defective for transcriptional activation but still capable of synergy. Our results provide evidence for a model by which high level transcriptional activation of promoters with multiple p53 response elements is achieved.
Introduction
The protein encoded by the p53 tumour suppressor gene plays a critical role in the cellular response to DNA damage by regulating the expression of genes involved in controlling cell proliferation, DNA repair and apoptosis (extensively reviewed in Donehower and Bradley, 1993; Ko and Prives, 1996; White, 1996) . Though the precise mechanism by which p53 activates transcription is not understood, this function requires binding of p53 to the control regions of target genes. A consensus DNA-binding sequence for p53 has been identi®ed which takes the form of two copies of a sequence 5'-PuPuPuC(A/T)(T/A)GPyPyPy-3' separated by 0 ± 13 bp (Kern et al., 1991; El-Deiry et al., 1992; Funk et al., 1992; Halazonetis et al., 1993) . Experimental evidence now supports the notion that p53 binds optimally to this sequence as a tetramer, with each half p53-binding site (single copy of the consensus) interacting with two molecules of p53 (reviewed in Arrowsmith and Morin, 1996) . The p53-binding site confers p53-dependent, orientation-independent activation of transcription Yuan et al., 1993; Jackson et al., 1995) suggesting that this element may act as a transcriptional enhancer. In addition, interactions have been identi®ed between p53 and other protein transcription factors (summarized in Ko and Prives, 1996) . Speci®cally, interactions between p53 and TF II D , Sp1 (Gualberto and Baldwin, 1995) and CBP (Gu et al., 1997) cause co-operative enhancement of transcription indicating that p53 may function to stabilize transcription complexes.
Examination of the control regions of genes activated by p53 indicates that in many cases the p53-binding motif is present as multiple copies. For example, in the WAF 1 promoter two consensus sequences are situated 2 ± 3 kb upstream of the transcription start site and a third site with partial homology is at 775 bp relative to the start site (ElDeiry et al., 1993) . Two binding elements are also present in the cyclin G promoter with one site 250 bp upstream of the transcription start site and a second 245 bp downstream in the ®rst intron (Zauberman et al., 1995) . The functional signi®cance of multiple p53-binding sites within a given promoter is not understood; one explanation is that multiple motifs might co-operate with each other to permit high level, p53-dependent activation of a promoter. Such co-operation might bring about increased amounts of p53 at the transcription start site and result in an increased stability of the basal transcription complex or an increased concentration of limiting, p53-bound protein factor(s). Evidence to support this model has been obtained from transcription experiments using an arti®cial promoter containing a widely used p53-binding motif with 13 consensus sites. One p53-binding motif was positioned adjacent to a TATA element separated from a second motif by some 1700 bp (Stenger et al., 1994) . In the same study, electron microscopic analysis of complexes formed between puri®ed p53 and promoter DNA indicated that co-operation between p53-binding motifs occurred via interactions between p53 molecules bound to each motif, and that these interactions were associated with DNA looping.
We have been investigating the mechanism by which p53 activates transcription from one of its natural target promoters, speci®cally, the mouse muscle speci®c creatine kinase (MCK) gene promoter, which contains a distal p53-binding element situated *3 kb upstream of the transcription start (Weintraub et al., 1991; Zambetti et al., 1992) and a proximal p53-binding element between residues 7177 and 781 bp (Jackson et al., 1995) . In a recent study (Jackson et al., 1995) and consistent with the observations of others (Stenger et al., 1994) , we provided preliminary evidence that high level activation of this promoter by p53 might involve co-operation between the proximal and distal p53-binding motifs.
This paper con®rms and extends our initial observations, and provides evidence for a model in which high level transcriptional activation by p53 is achieved through co-operative interactions between independent p53-binding elements. Such interactions cause looping out of the promoter sequence between p53-binding elements.
Results

Distal and proximal p53-binding sites permit synergistic transcriptional activation by p53
We recently identi®ed a second p53-binding element within the MCK promoter (residues 7177 to 781; Jackson et al., 1995) in which residues 7176 to 7149 show homology to the consensus p53-binding sequence. In addition, we provided preliminary evidence that transcriptional activation of the MCK promoter by p53 might involve co-operation between this proximal p53-binding element and a second, well-characterized distal p53-binding element (73182 to 73133; Weintraub et al., 1991; Zambetti et al., 1992) containing residues 73182 to 73151 with homology to the consensus p53-binding sequence. We veri®ed these initial observations by co-transfecting MCK-reporter plasmids ( Figure 1a ) in which both p53-binding elements were present, or from which either binding element was deleted, with a control plasmid (pMSV vector), or plasmids expressing wt (pMSV wtp53) or mutant (pMSV val135) mouse p53 proteins. The protein expressed by pMSV val135 contains an A to V change at amino acid 135, has a temperaturesensitive phenotype and is in a mutant conformation at 378C . Previous studies have indicated that at the non-permissive temperature, this mutant is defective for transcriptional activation (Raycroft et al., 1991; Jackson et al., 1995) . No promoter activation was observed using the pMSV control vector. Wt p53 had minimal eect on MCK promoter activity in the absence of p53-binding elements (p2800MCKCAT) but if either distal (pD3300MCKCAT) or proximal p53-binding element (p2800PMCKCAT) were present, caused modest activation of transcription (fourfold and ®vefold respectively; Figure 1b ). In contrast, if both p53-binding elements were present (pD3300PMCKCAT) synergistic transcriptional activation was observed, with wt p53 activating the reporter 425-fold. Consistent with previous studies, mutant pMSVval135 had little eect on any of the MCK promoter constructs. Synergy between distal and proximal MCK p53-binding elements was also obtained in experiments using vectors expressing human p53 in CV1 cells (Figure 5b and data not shown). We conclude that distal and proximal p53-binding elements in the MCK promoter co-operate to permit high level activation of the MCK promoter by p53. After 23 h, cell lysates were prepared, normalized for protein content and assayed for CAT activity as described (Jackson et al., 1995) Synergy between MCK p53 binding elements in a heterologous promoter
To determine if distal and proximal MCK p53-binding elements co-operate in the absence of other MCK promoter sequences, we initially placed them upstream of the thymidine kinase promoter in pBLCAT2 to form pDCAT (distal MCK p53-binding element) and pPCAT (proximal MCK p53-binding element) ( Figure  2a ; Jackson et al., 1995) respectively. The ability of p53 to activate transcription from these promoters was then compared with activation of pDPCAT (in which we placed a proximal MCK p53-binding element downstream of the CAT gene within pDCAT and approximately 1.75 kb from the distal p53-binding site; Figure 2a ). In co-transfection experiments, wt p53 had no eect on pBLCAT2, and caused modest activation (*4-fold) if individual p53-binding elements were present (Figure 2b ). Again, with both p53-binding elements in the promoter, high level, synergistic activation of transcription (16-fold) was observed. Mutant pMSV val135 caused slight activation of transcription from individual p53-binding elements but failed to show synergy. We conclude that distal and proximal MCK p53-binding elements can cooperate to activate transcription independent of other MCK promoter sequences.
p53 complexes link the proximal and distal consensus sites in the MCK promoter Quaternary interactions between the proximal and distal p53-binding elements may drive synergistic transactivation of the MCK promoter by p53. To test this possibility, we used conventional transmission electron microscopy (TEM) to examine structures in binding reactions containing pD3300PMCKCAT and human wt p53 (Figure 3 ). We found p53 bound to 45% of plasmids and, in this group, 40 plasmids were suciently well spread to be measured. In 30 plasmids, proteins were found at two or more locations. Distance between proteins bound in 25 of 30 complexes (83%) corresponded to the distance between proximal and distal elements, indicating a high frequency of concurrent occupancy. The ratio of measured lengths between concurrently bound proteins to total DNA length was 0.34+0.03 s.d., which corresponded well with an expected ratio of 0.37. Two binding structures remained separated in 11 of 25 complexes (Figure 3a ), but 14 of 25 complexes (56%) had formed linked structures, looping out the intervening DNA (Figure 3b ± d) . Figure 3a shows one of only two smaller loop structures observed among the 40 plasmids examined. This is a hemispeci®c loop linking a consensus site with presumably random DNA. Previously, we had observed that looping between a p53 consensus site and non-specific DNA is more than 106 less ecient than looping between consensus sites (Table 1 in Stenger et al., 1994) . Thus p53 loop structures appear to be more stable when two consensus sites are linked.
Molecules in Figure 3a ± d were chosen to illustrate the range in size among p53 complexes. The smallest complex observed measured 20 nm620 nm and probably represents a single tetramer unit (Figure 3b ). Only one other p53 complex of similar size was observed, in an unlinked complex. The most commonly detected structures were much larger and measured up to 60 nm and 70 nm (Figure 3c and d). These may well be larger oligomers of p53 representing multiple p53 tetramers. In a previous study, we demonstrated that p53 oligomers, visualized at consensus sites by TEM and scanning transmission EM (STEM), consisted of stacks of p53 tetramers arranged one upon the other through tetramer ± tetramer interactions (Stenger et al., 1994) . Similarly in the MCK promoter, multiple p53 tetramers and derivative plasmids used. MCK promoter sequences between 73195 to 73133 (D, distal p53-binding motif) and 7177 to 781 (P, proximal p53-binding motif) were ampli®ed by PCR and inserted into pBLCAT2 to form plasmids pDCAT and pPCAT respectively as described previously (Jackson et al., 1995) . pDPCAT was formed by inserting the P sequence into the KpN1 site of pDCAT as described in Materials and methods. (b) CV1 cells were cotransfected with 5 mg of pBLCAT reporter plasmid, and 10 mg of pMSV vector, pMSV wtp53 or pMSV val135 as described (Jackson et al., 1995) . After 23 h, cell lysates were prepared, normalized for protein content and then assayed for CAT activity appear to associate with a single p53-binding element in unlinked complexes. These multimeric complexes stably interact over a distance of 3 kb to form additional higher order associations in link structures.
Synergy between p53-binding sites is independent of spacing between p53-binding elements
The demonstration of synergism between proximal and distal p53-binding elements in a heterologous promoter (Figure 2 ) and the looping out of DNA between distal and proximal sites of the MCK promoter (Figure 3 ) both argue that the intervening MCK sequences are not essential for synergy. A series of MCK-reporter plasmids were constructed in which the distal p53-binding element was separated from the proximal binding element by between 2.8 kb and just 25 bp (Figure 4 ). These plasmids were co-transfected into CV1 cells along with pMSV, pMSV wtp53 or pMSV val135. As controls, we used corresponding MCK-promoter deletion constructs in which only the proximal p53-binding element was present and which all showed a 3 ± 4-fold activation by wtp53 (Figure 4 ). High level, synergistic activation was observed with all reporter plasmids containing distal and proximal p53-binding elements, except for a reporter in which the two elements were separated by just 25 bp (Figure 4 ). Synergistic activation was maintained even when the orientation of the distal binding site was reversed relative to the proximal binding site, as for example with plasmids prD1674PMCKCAT and prD776P-MCKCAT ( Figure 5 and data not shown). These data con®rm that the native sequences between the two MCK p53-binding elements are not necessary for synergistic activation by p53 and indicate that binding elements separated by a minimum of 25 ± 150 bp continue to support synergy. The failure to obtain synergy with spacing between p53-binding elements of only 25 bp may be due to steric considerations which prevent DNA looping. Overall, these ®ndings are consistent with our EM data and support a model in which synergistic activation of the MCK promoter by p53 involves DNA looping.
Tetramerization-de®cient p53 is still capable of synergy
Our data have shown that p53 binds to the MCK promoter primarily as higher order oligomeric structures. A recent report has suggested that in the absence of tetramerization, stacking of p53 monomers is sucient for co-operation (Stenger et al., 1994) . That study used a model promoter which contained two separated p53-binding sites, each consisting of multiple tandem consensus sequences. We wished to determine if stacking of p53 monomers was sucient for synergistic activation of the MCK promoter. Previous studies with transfected cells, have reported diculty in clearly detecting proteins expressed from plasmids using the relatively weak MSV promoter Mayr et al., 1995) . We were, therefore, concerned that data obtained using such vectors to express tetramerization-defective p53 proteins in CV1 cells might be dicult to interpret. To overcome this potential problem, we used a series of vectors expressing human wt and mutant p53 proteins from the strong human cytomegalovirus early promoter ( Figure 6a ; Wang et al., 1993; Reed et al., unpublished data) . The proteins encoded by these vectors also contain an N-terminal tag which permits detection by anity chromatography (Mayr et al., 1995) .
Results presented in Figure 6b show that wt human p53 (pCMVtag wtp53) induced low levels of activity from either pD3300MCKCAT (2.5-fold) or p2800PMCKCAT (eightfold). With pD3300PMCK-CAT, however, we obtained a very high degree of synergistic transcriptional activation (450-fold). This high level of synergy may well re¯ect increased levels of expressed p53 in cells transfected with the CMV-based plasmids. The requirement of p53 tetramerization for synergy, was examined using pCMVtag 1 ± 323, (Figure 6a) . Functional studies have shown that the mouse equivalent of segment 1 ± 323 (1 ± 320) is monomeric, binds DNA and activates transcription with a reduced eciency compared to wtp53, but is still capable of cooperative activation through stacking (Stenger et al., 1994; Wang et al., 1995) . The proteins encoded by pCMVtag F341A (F to A change at amino acid 341) and pCMVtag L344A (L to A change at amino acid 344) are primarily monomeric and dimeric, respectively (Waterman et al., 1995) . All mutants activated pD3300MCKCAT (*twofold) and p2800PMCKCAT (*fourfold) but were clearly defective compared with the wt protein (Figure 6b ). Importantly, both monomeric and dimeric p53 proteins were still capable of synergistic activation (159-fold, 1 ± 323; 155-fold, F341A and 174-fold, L344A) even though levels of transactivation of pD3300PMCKCAT were much less than for the wt protein (Figure 6b) . Interestingly, the levels of transactivation obtained with monomers and dimers were similar.
Our data argue that monomers or dimers of p53 are sucient for synergistic activation of the MCK promoter but that tetramerization is required for the full wt eect. To exclude the possibility that low levels of monomeric or dimeric p53 expression could explain these results, we compared expression of the tagged wt and mutant p53 proteins. Figure 6c shows that in CV1 cells, levels of accumulated pCMVtag 1 ± 323 and pCMVtag wtp53 were similar but that pCMVtag F341A and pCMVtag L344A were expressed to somewhat lower levels. Thus we can conclude that the reduced ability of pCMVtag 1 ± 323 to transactivate clearly re¯ects intrinsic properties of this protein.
Moreover, since pCMVtag F341A and pCMVtag L344A activate at similar levels to pCMVtag 1 ± 323 in spite of their reduced levels of expression, we further conclude that the reduced ability of monomeric and dimeric p53 proteins to transactivate is a re¯ection of eciency rather than protein levels.
Discussion
Co-operation between MCK p53-binding elements
Our ®ndings indicate that two independent and widely separated p53-binding elements synergistically drive Figure 4 Synergy between p53-binding elements is independent of spacing. CV1 cells were transfected with the indicated MCK reporter plasmids and either pMSV vector, pMSV wtp53 or pMSV val135. Transfection conditions, and determination of CAT activity are as described in the legend to Figure 1 p53-dependent activation of the MCK promoter. EM studies revealed that p53 binds at proximal and distal elements mainly as tetramers and multiples of tetramers. Interaction between oligomers bound at each MCK element spanned 3 kb, looped out the intervening DNA, and translocated distal p53 oligomers to the proximal promoter region. Similar structures were observed in a previous study of a widely used p53 model promoter (Stenger et al., 1994) . A role for tetramer ± tetramer oligomerization in cooperativity is supported by our observation that monomeric and dimeric mutant p53s, in spite of decreased eciency for consensus-site binding, also induce substantial synergy in the MCK promoter. The monomers oligomerize by attaching together into stacked arrays similar to tetramer ± tetramer stacking interactions. Furthermore, stacked monomers assemble DNA loop structures (Stenger et al., 1994) . Synergy was observed when the distance between separate p53-binding elements was reduced to as little as 150 bp. Given the common occurrence of variably spaced and widely separated p53-binding sites in other p53 target promoters (see Introduction), our MCK promoter results imply that linking binding sites by tetramer ± tetramer stacking and oligomerization, may be a more general mechanism for promoter activation by p53. In support of this idea, we have preliminary data indicating synergy between two separated p53 consensus sites in the Cyclin G gene promoter region (P Jackson, unpublished data). 
Synergistic transcriptional activation by p53
The precise mechanisms by which activators stimulate the transcriptional machinery are not yet clear. According to current thinking, activators in¯uence transcription through physical contacts with the general transcription factor TF II D, or other coactivators, and accelerate pre-initiation complex formation. Physical contacts with remaining general transcription factors (GTFs) may also in¯uence reaction rates at dierent steps in the transcription cycle (Roeder, 1996; Verrijker and Tjian, 1996) . p53 forms stable complexes with several GTFs: TF II B, TF II H and components of TF II D, including the TATAbox binding protein (TBP) and TBP-associated factors/ co-activators 31, 40, 60 and 250 (Seto et al., 1992; Liu et al., 1993; Martin et al., 1993; Truant et al., 1993; Xiao et al., 1994; Lu and Levine, 1995; Thut et al., 1995) . These data suggest that p53 may stimulate transcription, in part by increasing the concentration of several critical and possibly limiting GTF(s) in the basal transcription complex. Consistent with this idea, interactions between p53 and TBP, Sp1 or CBP induce co-operative enhancement of transcription (Ago et al., 1993; Gualberto and Baldwin, 1995; Gu et al., 1997) . The p53 tetramer should be capable of simultaneous interactions with several transcription factors, and this may be a prerequisite for optimal activation (Buratowski, 1995; Chi et al., 1995) . In promoters with multiple p53-binding sites, stacked and linked tetramers would multiply the number of p53 activation domains available for binding thereby further increasing the concentration of limiting transcription factors in the basal complex. This is illustrated in Figure 7 for the MCK promoter. In addition, p53 oligomers in DNA loops might function analogously to Drosophila activators Bicoid (BCD) and Hunchback (HB) which have also been shown to synergistically co-operate in activating transcription (Sauer et al., 1995) . BCD and HB bind widely separated DNA sequences in their target genes. Synergistic activation requires the presence of BCD and HB binding sites, and also the binding of BCDd-TAF II 110 and HB-dTAF II 60 in the same TFIID complex (Sauer et al., 1995) . The MCK loop structure may stabilize interactions with particular transcription factors needed for synergistic activation.
We observed that link structures consisted of oligomers of dierent sizes in which stacked tetramers may not all contact the consensus site. p300/CBP has been shown to complex with p53 and function as a coactivator to synergistically enhance transcription (Gu et al., 1997) . Interestingly, synergy is observed when either p53 or CBP is tethered to DNA, with p53 either directly or indirectly contacting DNA. Similarly, in MCK linked structures, p53 tetramers, whether contacting DNA or not, may contribute to synergy.
In addition to GTFs, the amino-terminal activation domain of p53 interacts with several other proteins. Linked oligomers may sterically or competitively block interactions with other protein factors that negatively regulate p53 function. For example, formation of p53-Mdm2 complexes, precludes binding of other factors to p53, inhibits p53 DNA binding and consequently inhibits further transcriptional activation by p53 (reviewed in Momand and Zambetti, 1997) . If linked oligomers comprise a p53 compartment that is less accessible to Mdm-2 and not GTFs, then transcriptional activity may substantially increase.
Implications of synergy model
There are several predictions one can make, if DNA looping by p53 oligomers plays a role in synergy. Since p53 is capable of bending the DNA of dierent consensus sequences to dierent degrees (Nagaich et al., 1997a,b) , then a speci®c combination of distal and proximal binding sites may favour loop formation and synergistic activation. Consistent with this notion, nucleotide sequences of distal and proximal MCK p53-binding sites are distinctly dierent (see Figure 7) . Furthermore, in a series of mix-and-match experiments, where various combinations of distal and proximal MCK p53-binding sites were examined for their ability to synergize, we found that typical synergy only occurred with both distal and proximal sequences present in the promoter (Jackson and Yardley 1997) . Again, if DNA looping is involved in synergy, then one might reasonably anticipate a minimum length between p53-binding sites be reached where steric considerations prevent DNA looping. This would prevent correct orientation of p53 for binding to multiple GTFs and as a consequence inhibit synergy. Data in the present study indicate that synergy in the MCK promoter is lost when the interval between distal and proximal p53-binding sites falls to 25 bp. Finally, p53 oligomers linking two binding sites compared to p53 bound at a single binding site, should be capable of forming contacts with dierent or multiple GTFs simultaneously. Further in vitro studies using combinations of puri®ed p53 and GTFs should clarify this Figure 7 Schematic illustration of a possible mechanism by which p53 activates the MCK promoter. p53 tetramers are shown bound at distal and proximal MCK p53-binding sites where they induce DNA bending. Numbering refers to MCK promoter sequence upstream of the transcription start site. Linkage between distal and proximal p53-binding sites occurs via stacking between DNA bound and unbound p53 tetramers. X, Y and Z represent multiple general transcription factors (GTFs) binding to p53. A direct interaction between p53 and TBP bound at the TATAbinding sequence is also indicated possibility. Given the presence of multiple p53-binding sites in several target genes of p53, the MCK promoter provides a useful model for investigating the molecular basis by which p53 activates transcription.
Materials and methods
Cells, transfections and CAT assays
Monkey CV1 cells were maintained in Eagle's modi®ed essential medium (EMEM; Gibco BRL, Grand Island, NY) supplemented with 5% heat-inactivated foetal bovine serum (FCS; Trace Biosciences, Sydney, Australia) and containing added L-glutamine (2 mM ®nal concentration), penicillin/streptomycin (50 U/ml, Gibco BRL, Grand Island, NY) and fungizone (2.5 mg/ml, Trace Biosciences, Sydney, Australia).
In each experiment using MCK-reporter plasmids, 5610 5 CV1 cells were seeded into 6 cm petri dishes and transfected with the indicated amounts of plasmid DNA using lipofectamine reagent (Gibco BRL, Life Technologies Inc. Gaithersburg, MD) exactly as described by the manufacturers. Optimal transfection was obtained with 9 ml of lipofectamine and 6 mg total DNA. The lipid/DNA complex was removed from cells after 5 h and cells harvested 18 h later for determination of CAT activity. In experiments with pBLCAT2-derived plasmids, the CV1 cells were transfected using the calcium phosphate system (Gibco BRL, Life Technologies Inc. Gaithersburg, MD) as described in detail previously (Jackson et al., 1995) . Levels of CAT activity in transfected cell lysates were determined by measuring the transfer of [ (Sleigh, 1986) . Procedures for the preparation of cell lysates and CAT assays have been described in detail previously (Jackson et al., 1993 (Jackson et al., , 1995 . All transfection experiments were repeated several times and results presented are the means+standard error of at least three independent experiments all assayed in duplicate.
Plasmids
Construction and characterization of control vector pMSV, together with pMSV wtp53 (wild-type mouse p53), pMSV val135 (mouse mutant p53; A to V at codon 135) both expressing p53 from the Moloney sarcoma virus (MSV) promoter, have been described .
Plasmids pCMVtag wtp53 (human wtp53), pCMVtag 1 ± 323 (human p53 amino acids 1 ± 323), pCMVtag F341A (human p53 with an F to A change at residue 341) and pCMVtag L344A (human p53 with an L to A change at residue 344) all expressing p53 from the human cytomegalovirus early promoter/enhancer were made by inserting human p53 cDNA sequences obtained from Dr T Halazonetis (The Wistar Institute, PA) into HpaI/BamHI cut pCMVH6K expression vector Reed, unpublished data) . Resultant plasmids expressed p53 sequences fused to a 27 amino acid N-terminal tag (MAYPYDVPDY-AARHHHHHHARRASVGV) consisting of a haemaglutinin HA epitope, six histidine residues and the heart creatine kinase domain (Mayr et al., 1995) . Construction of baculovirus vectors for overexpressing these tagged human p53 proteins in insect cells has already been described .
Construction and characterization of reporter plasmids containing fragments of the mouse muscle speci®c creatine kinase gene promoter fused to the bacterial CAT gene (p-3300MCK-CAT, p3300D1MCKCAT, p-2800MCKCAT, p-1674MCKCAT, p-1020MCKCAT, p-776MCK-CAT, p-300MCKCAT, p-177MCKCAT and p-80MCKCAT) have already been reported (Jaynes et al., 1988; Jackson et al., 1995 ; M Shield PhD Thesis, University of Washington). For clarity, in this report we have retitled these plasmids as pD3300PMCKCAT, pD3300MCKCAT, p2800PMCKCAT, p1674PMCKCAT, p1020PMCKCAT, p776PMCKCAT, p300PMCKCAT, p177PMCKCAT and p80MCKCAT respectively, to indicate the presence of distal (D-) and/or proximal (P-) MCK p53-binding elements. The intervening number indicates the size of the MCK promoter fragment within the plasmid.
Plasmid p2800MCKCAT was generated by SalI digestion of pD3300MCKCAT and religation of the remaining vector. This plasmid contained MCK promoter sequences between 72800 and +7 with a deletion between residues 7189 and 781 and thus lacked both MCK p53 binding elements.
MCK promoter ± reporter plasmids containing the distal MCK p53-binding element separated by various intervals from the proximal MCK p53-binding element (illustrated in Figure 4 ) were constructed as follows: MCK promoter sequences between 73195 and 73120 (D fragment: containing the distal p53 binding element between 73183 and 73133) were ampli®ed from pD3300PMCKCAT by PCR using a 5' primer, 5'-AACCAAGCTTGGCGTGTGC-TCCCTGGCAAGCCTAT-3' and a 3' primer, 3'-CG-GAGACTGGGAGTCACCGAGGGTATTCGAACCAA-5'. After puri®cation on a QIAquick-spin column (QIAGEN, Chatsworth, CA), the ampli®ed fragment was digested with HindIII, repuri®ed and inserted into the HindIII site of p2800PMCKCAT, p1674PMCKCAT, 1020PMCKCAT, p776PMCKCAT, p300PMCKCAT or p177PMCKCAT. After restriction enzyme digest to con®rm the presence of insert, correct orientation (5' ± 3' with respect to the MCK promoter in plasmids, pD2800PMCKCAT, pD1674PMCK-CAT, pD1020PMCKCAT, pD776PMCKCAT and pD300-PMCKCAT) or inverse orientation (3' ± 5' with respect to the MCK promoter in prD1674PMCKCAT, prD776PMCKCAT or prD177PMCKCAT) of the insert was veri®ed by PCR. Brie¯y, plasmid DNA from bacterial colonies obtained in the above procedure was analysed by PCR with the above 5' primer and a 3' primer, 3'-CTTTCGAGTAGACGA-GAGTCCCCGGAGATCTCCAA-5' which annealed to MCK promoter sequences between 7105 and 781. Correct (D) orientation of the distal p53-binding motif within a pBSMCK-reporter plasmid resulted in ampli®cation of a fragment corresponding to promoter sequences between the distal and proximal p53-binding elements. Inverse (rD) orientation resulted in no ampli®cation.
pBLCAT2 (Luckow and Schutz, 1987) was obtained from Dr AE Reeve (University of Otago, Dunedin, New Zealand).
Construction of recombinant pBLCAT2 plasmids containing either the distal (pBSCAT) or proximal (pNECAT) MCK p53-binding elements has been described (Jackson et al., 1995) . For clarity, in this report, these plasmids have been retitled pDCAT and pPCAT respectively. Plasmid pDPCAT with the distal MCK p53-binding element in the polylinker of pBLCAT2 and upstream of the thymidine kinase promoter, and the proximal p53-binding element situated 1.75 kb downstream, was constructed by amplifying the proximal MK promoter sequence between 7177 and 781 using a 5' primer, 5'-AACCGGTACCCATACAAGGCCATGGGGC-TGGGCAA-3' and 3' primer, 3'-CTTTCGAGTAGACGA-GAGTCCCCGGCCATGGCCCAA-5'. PCR products were puri®ed as above and subcloned into the KpnI site in pDCAT. Correct orientation of the insert was veri®ed by restriction enzyme analysis.
Polymerase chain reactions
Ampli®cation of P-(previously called NE) and D-(previously called BS) MCK fragments by PCR in a Hybaid Thermocycler was performed as previously described in detail (Jackson et al., 1995) .
Detection and puri®cation of tagged p53 proteins
Human p53 proteins containing N-terminal tags were puri®ed from transfected CV1 cells by metal-anity chromatography essentially as described (Mayr et al., 1995) . Proteins wre transferred to nitrocellulose membrane and probed with MAb 12CA5 (BabCo., Berkeley, CA) which recognizes the haemagluttinin epitope in the Nterminal tag. Tagged proteins were visualized using enhanced chemiluminescence by the Amersham method as described by the manufacturers.
Tagged p53 protein for use in electron microscopy studies was expressed in Sf9 insect cells using recombinant baculovirus and puri®ed from infected cells as previously described . Puri®ed protein was quanti®ed by SDS polyacrylamide gel electrophoresis and puri®ed p53 was the only band visible on gels stained with Coomassie Blue.
p53/DNA binding reactions and electron microscopy
Plasmid DNA (p-3300MCKCAT) puri®ed by cesium chloride centrifugation was nicked by heating in 10 mM Tris-HCl, pH 8.0, 1 mM EDTA and 200 mM NaCl at 758C for 16 h. Binding reactions (50 ml) contained 300 ng of tagged human p53 and 200 ng of pD3300PMCKCAT in a reaction buer consisting of 20 mM Tris-HCl, pH 7.4, 80 mM NaCl, 10% glycerol and 2 mM b-mercaptoethanol. Following incubation on ice for 20 min, reactions were diluted 2 ± 4-fold with binding buer and brought to 10 mM MgCl 2 by addition of 100 mM MgCl 2 . Aliquots were placed on tungston grids for 1 min, then removed and 0.5% glutaraldehyde added for 2 min. Since glutaraldehyde crosslinking followed adsorption of complexes to the grid, it was unlikely to cause arti®cial aggregation. Grids were washed, stained with 5% uranyl acetate and rotary shadowed with tungsten as previously described (Stenger et al., 1994) . EM negatives were digitized by scanning and measured using SigmaScan Pro from Jandel Scienti®c Software. The mean length of 40 DNAs with bound p53 was 7101+403 bp. Bare DNAs had comparable lengths. DNAs of 8 kb frequently measure 15% or more short, a characteristic feature of most DNA spreading techniques.
Figures were produced through Adobe Photoshop and Microsoft PowerPoint on a dye sublimation printer.
